Abstract-A significant fraction of the volume of a dc-dc power module is often occupied by the filter inductor and by the molding compound padding the unused space. This letter presents a method to fabricate an inductor in which the core is realized by molding a magnetic mixture over the circuit board. Permeability above 20 was achieved using a curing temperature not exceeding 250°C, and no applied pressure. A power converter with input of 12 V, output of 1.2 V at 5 A, and switching frequency of 500 kHz was constructed to check the operation with a 1.1-µH over-molded inductor. The over-molded magnetic material did not adversely interfere with converter operation, e.g., switching noise was low. The maximum temperature of 48.3°C and full-load efficiency of 82% are similar to those of the same circuit using a discrete inductor.
I. INTRODUCTION
Switched-mode dc-dc converters serve a variety of products such as point-of-load (POL) power modules, gate drivers, and mobile devices. An inductor is usually needed to attenuate switching noise for the load. It could be implemented as a discrete component [1] , a substrate [2] - [4] , or a package enclosure [5] - [7] . A discrete inductor is shown soldered to a printed circuit board (PCB) (or substrate) carrying the remainder of the converter in Fig. 1(a) . Nonmagnetic encapsulant may be added to protect the assembly against environmental stresses. Additional shielding or isolation for protecting the magnetic device from encapsulant may increase the volume [8] .
This letter presents an alternative to inductor fabrication called "over-molding." As depicted in Fig. 1(b) , the winding is first attached to the substrate. Magnetic paste is then injected into the unused space that is normally occupied by encapsulant and is cured under atmospheric pressure and below 250°C to realize the core. One objective of this letter is to describe a process to build an over-molded inductor (OMI) and the associated host converter; this is reported in Section II. The basic properties of the core material are characterized in Section III. Another objective is to validate the operability of the resultant dc-dc converter; this is described in Section IV. Section V highlights the key results and possible research directions.
II. FABRICATION PROCESS
The OMI was designed for POL application with switching frequency around several hundred kilohertz. The magnetic mixture should have relative permeability above ten around 1 MHz to realize 1 μH with low winding resistance and volume [2] . This has been very difficult to achieve for injection-moldable materials that need to flow readily and that cannot be subjected to pressure and curing temperature above solder temperature. Thus, the high weight content of magnetic powder required in [9] to attain high relative permeability would render the mixture too viscous for injection molding.
Two kinds of magnetic pastes were prepared. A permalloypolymer paste was synthesized by permalloy powder from ESPI Metals, Inc. [10] , and amorphous magnetic alloy 2705M Ribbon from Metglas, Inc. Benzocyclobutene (BCB), a thermoset polymer obtained from Dow Chemical, was added to the magnetic powder to serve as a binder. Mesitylene and α-terpilenol were added to improve particle dispersion, flowability, and viscosity. Since the resistivity for the cured permalloy polymer was only 9 × 10 3 μΩ · cm, a mixture of ferrite and polymer was synthesized to enhance isolation. The ferrite powder was from PPTechnology, and the polymer was BCB. The ferrite-polymer mixture has relative permeability around five and resistivity of 8 × 10
6 μΩ · cm. The circuit board with the inductor winding attached is shown in Fig. 2(a) . It was placed into a silicone rubber mold, and 0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [12] , and LTCC40010 from [13] .
was covered with a 0.5-mm layer of ferrite-polymer paste that was then cured in a tube furnace filled with nitrogen at atmospheric pressure. The temperature was increased at 1°C/min to 250°C and held there for 30 min. A 3.5-mm layer of permalloypolymer paste was next added and subjected to the same curing profile. The winding would not move during curing process thanks to the sturdy thick wire, soft magnetic paste, and atmospheric pressure. For other applications using soft winding, the magnetic paste can be injected and heated layer by layer to keep the winding at the right position. The fabricated converter with OMI measured 10 × 10 × 6 mm 3 . The surface of the prototype [see Fig. 2(a) ] is not smooth owing to bubbles generated by escaping binder. The curing profile and binder will be modified in the future to improve bulk and surface integrity.
III. MATERIAL PROPERTIES
The initial permeability, resistivity, and core loss density of the cured permalloy-polymer were characterized using a toroidal core with outer diameter of 20 mm, inner diameter of 10 mm, and height of 6 mm. The initial permeability μ r was calculated from inductance measured by impedance analyzer 4294A. The winding had ten turns of wire with 0.34-mm diameter. Same procedure was applied to measure μ r of the ferrite-polymer mixture by using a toroidal core with outer diameter of 20 mm, inner diameter of 16 mm, height of 0.5 mm, and the same winding parameters. In the measurement of permeability versus H dc for the cured permalloy-polymer, one more winding with 25 turns of 0.5-mm wire on the same core with the winding for initial-μ r measurement was used for dc excitation. The relative permeability of the cured permalloy polymer was 25, and the magnetic field strength was 1300 A/m when permeability dropped to 80% of initial value. Resistivities mentioned earlier were measured from the resistance of the toroidal core with silver paint on two toroid surfaces.
The measurement procedure for core loss density followed [11] . A mica capacitor of 120 nF was connected in series with the tested inductor to cancel the passive component of the voltage to improve phase accuracy. The core loss density P v at 500 kHz shown in Fig. 2(b) is lower than that of a powder iron material with similar permeability. Compared with LTCC 40010 ferrite, the increasing slope of P v for magnetic mixture is smaller, suggesting advantages over LTCC at high amplitude B ac of magnetic flux density. Another winding can be added in OMI to measure the core loss with the same procedure to characterize the core-loss density on a toroidal core. 
IV. EXPERIMENTAL VALIDATION
The winding was first designed using the material properties described above. The footprint was constrained to 10 × 10 mm 2 by the circuit board. The inductance formula for a solenoidal winding embedded in a homogeneous magnetic medium [14] was employed in the preliminary design. Refinements by finiteelement simulation suggested four turns with 0.66-mm diameter within 10 × 10 × 2.6 mm 3 (less the winding volume) of permalloy-polymer mixture with relative permeability of 25 for 1-μH inductance and 5-mΩ dc resistance. Only 80% of the targeted inductance was met with the first OMI samples. The permeability might have been reduced since the magnetic mixture molded around the winding might have been less homogenous than that in the toroidal coupon. The winding might have not been centered symmetrically in the core. A relative permeability around 80% × 25 = 20 was assumed in finite-element iterations. μ r was set as 20 in simulation and the height was swept to achieve the required inductance, 1 μH. The magnetic thickness was raised to 3.5 mm as a result, and 1.1 μH was measured for the prototype in Fig. 2(a) . The overall thickness of 6 mm includes 4 mm for both magnetic layers and 1 mm each for the circuit board and for such components as power chip and resistors.
The buck converter shown in Fig. 3(a) was constructed to test the operability of the fabricated OMI. The switching frequency, 500 kHz; the input voltage, 12 V; the output voltage, 1.2 V; and the nominal load current, 5 A. The power module in Fig. 2(a) comprises MOSFETs M 1 , M 2 , and the OMI L. The input capacitor, output capacitor, and test terminals were mounted underneath the module. A reference prototype shown in Fig. 3(b) was also built using a commercial inductor with 1.1 μH and 3.15-mΩ dc resistance to assess the impact of the over-molded magnetic mixture on converter's operation.
The maximum operating temperature was 48.3°C on the back-side PCB of OMI with prototype shown in Fig. 4(a) and thermal image shown in Fig. 4(b) , 51.5°C for the commercial inductor in Fig. 4(c) , 60.2°C for top PCB in Fig. 4(c) , and 51.7°C for bottom PCB in Fig. 4(d) with discrete inductor. The bottom PCB of OMI has lower temperature thanks to higher thermal conductivities of the ferrite-polymer layer (5 W/(mm 2 ·
• C) from [15] ) and permalloy-polymer layer (1.5 W/(mm 2 ·
• C) by measurement). The MOSFET loss in the semiconductor chip was estimated at 1.25 W from circuit simulation at 5 A. The simulated core loss from finite-element analysis (FEA) was 94 mW at 5 A, and the simulated winding loss was 135 mW at 5 A.
Generally, the magnetic mixture on top of the circuit was expected to increase the parasitic inductance in the power loop, inducing high switching voltage spike. However, the power loop in this module was not affected by the magnetic environment thanks to the isolation layer and the small area (12 mm
2 ) of Fig. 3 (a) with discrete inductor in Fig. 3(b) and OMI in Fig. 2(a) .
the integrated half-bridge MOSFETs, TPS54020 from Texas Instruments. The under-shoot voltage on the switching node is only 2 V as indicated in Fig. 6(a) . The material properties, e.g., permeability and P v curves, were imported into Maxwell to simulate the inductance and core loss [16] . A three-dimensional model including the winding and permalloy-polymer layer of OMI is shown in Fig. 5(a) . The maximum mesh length was 2 mm for the core element, and 0.5 mm for the winding element. Simulated total winding loss and core loss versus I o are shown in Fig. 5(b) . Core loss is relatively constant since the volt-second is fixed. Winding loss increases with load current. Simulated inductance at I o = 5 A decreases to 80% of the inductance at I o = 0.1 A. Higher inductance at low I o is beneficial to light-load efficiency.
The efficiencies for the two power modules are compared in Fig. 6(b) . The MOSFETs have the same loss since the two inductances are equal. Light-load efficiencies are dominated by core and ac winding losses, whereas heavy-load efficiencies are dominated by dc winding loss. The module with OMI has higher efficiency at light load thanks to lower core loss density, which is beneficial for the battery life of portable electronics with a long standby time [17] , and lower efficiency at full load owing to higher dc winding loss.
V. CONCLUSION AND FUTURE WORK
The impact of the OMI on converter's efficiency, operating temperature, and low switching noise was demonstrated to be similar to that of the commercial inductor. Also demonstrated was the feasibility of storing magnetic energy in the volume normally filled by encapsulant. The next goal would be to improve power density, tied directly to permeability. Materials and fabrication process will be examined to improve the homogeneity of over-molded magnetic mixtures using low curing temperature under atmospheric pressure. Relative permeability in the 30-50 ranges would be desirable while maintaining low core loss density in the megahertz range. To also protect the power module, the magnetic mixtures' mechanical strength, moisture absorption, thermal conductivity, coefficient of thermal expansion, and dielectric strength will need to be improved to the levels of commercial encapsulants. Different magnetic powders will be mixed in the future to realize higher-swinging inductance.
